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NOMENCLATURE
a

cylinder radius

b

width of flat plate and screen wire diam eter

cu.

cubic

cm'Vmin.

cubic centim eters per minute

D

drag force

3>C

direct current

h

pressure in inches of water

hp

horse power

in.

inch or inches

1

length of flat plate

AP

stagnation-static pressure difference when related to
velocity and injection-static pressure difference when
related to injection

Q

injection flow rate

Re

Reynold s Number based on flat plate length

rpm

revolutions per minute

<30/1

second or seconds

u

velocity in x-direction

Uoo

free stream velocity

V

voltage

y-coordinate
x-coordinate, x-direction, and distance downstream
from a screen
density
viscosity
potential flow field
stream line in potential flow field
partial derivative with respect to x
sm all change
greater than
greater than or equal to
approximately equal to

CHAPTERI
INTRODUCTION
The study of frictional drag force reduction has been the sub
ject of much research for many years. One of the significant develop
ments in the field of frictional drag force reduction has been the
discovery of the effectiveness of dilute polymer solutions in reducing
drag. By using dilute high-polym er solutions frictional drag forces
I
in pipe flow have been reduced by as much as 70 per cent.
Purpose of Study
The purpose of this study was to investigate the possibility of
reducing frictional drag forces on a submerged body by injecting a
dilute polymer solution into the boundary layer of the submerged body.
Scope of Work
The scope of the work in this study was (1) the design and con
struction of the equipment for both visual observation and for the quanti
tative measurement of drag forces, and (2) a visual study of the effect
iveness of injecting a 0 .1 per cent dyed solution of Guar Gum compared
to the sam e rate of injection of dyed water.

CHAPTER H
DESIGN AND DESCRIPTION OF APPARATUS
A schem atic drawing of the overall flow arrangement is shown
in Fig. 1 and a picture of the flow arrangement is shown in Fig. 2.
The Worthington Pump (2) Type CHH 6D is capable of delivering 70
gpm and a head of 150 ft. The pump is driven by a General E lectric
D-C Dynamometer which delivers up to 6 hp when used as a motor.
The pump has an open range from 1000 to 4000.
General Flow Arrangement
The pump draws water from two large reservoirs (1) which are
not shown in Fig. 2. The pump flow is connected to the test section by
a flexible rubber hose (3). This was done to isolate the test section
from the vibrations produced by the pump and motor. In the main flow
section is a se rie s of screens (4) which is followed by the test section
(5). Two gate valves were placed in the return line (6) so the flow
could be either returned to the reservoir (7) or dumped (8) to a 50 gal.
drum (9) and drained off.
Model
A flat plate was used for the submerged body. A flat plate model
was selected because of its sim plicity and because mathematical solutions

3

Fig. 2. --Overall Flow Arrangement
(1) Reservoir outlet (2) Pump (3) Flexible connecting hose (4) Screens
(5) Test section (6) Return line (7) Reservoir return valve (8) Dump valve
(9) Drain barrel (10) Siphon (11) Air bleed off valve
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were available for calculating drag force on a flat plate with and without
injection into the boundary laminar layer. The availability of mathemati
cal m odels is especially desirable since it provides a valuable compari
son for experim ental m easurem ents.
The features involved in the design of the model were the siz e of
the plate and the size of the cross-section al area of the test section so
that drag forces of sufficient magnitude would be produced. A lso, the
elim ination of boundary layer effects from the w alls of the test section,
the elim ination of the front and tail effects of flow over a flat plate of
finite thickness, and the injection schem e were considered. The choice
of a flat plate model made a rectangular cross-section channel the m ost
desirable as far as cross-section al area is concerned. For purposes
of visualization the test section and the model components were made out
of Lucite, a transparent plastic.
The siz e of the model and the cross-section al area of the test
section w ere selected in such a way as to provide a maximum drag force
and at the sam e time maintaining reasonable dim ensions. Since the
maximum flow rate is determined by the pump and m otor combination,
the maximum velocity in the test section is determined by its cro sssectional area. The cross-section al area of the test section and the
dimensions of the plate are related by the drag force equation2 for lam inar
flow over a flat plate:
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It is apparent that the width of the flat plate is inversely proportional
to the velocity, since the velocity decreases with increasing cro sssectional area. However, drag force is proportional to u i* 5 while being
directly proportional to

Thus, to obtain a maximum drag force,

the plate width was sacrificed for increased velocity. The dimensions
of the flat plate were set at 1/2 x 3 x 8 in. and the test cross-section al
area at 4 x 4 in. The 1/2 in. thickness of the plate was required by the
injection schem e which w ill be described later.
Edge. Nose and Tail Sections. —The one inch difference between
the width of the flat plate and the width of the test section is due to the
design of the model to elim inate the boundary layer effects from the
side w alls of the test section. In order to accom plish this, a side piece
7/16 in. wide was fastened to each of the channel side w alls allowing
1/16 in. clearance on each side of the flat plate. The front and tail
effects were minimized by designing a stream lined nose and tail piece.
These were fastened to the channel side w alls at the front and at the
rear of the flat plate. The shape of the stream lined nose and tail se c 
tions was suggested by W ille. ® The nose section is designed to divide
the flow evenly by having a 30 degree included angle wedge with the
point of the wedge being rounded off to a 1/16 in. radius. Since the
object of the test section was to provide as nearly as possible a uniform
free stream condition, it was necessary to determine the required length
of the flat portion on the nose and tail sections so that the velocity profile
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of the flow over the plate would be as uniform as possible. A lso, it was
desirable to have the flat plate as close to the front of the model as
possible to prevent a thick boundary layer from developing by the tim e
the flat plate was reached. In order to resolve these factors, potential
flow theory in connection with an electric analog was used. An electric
field is the electric analog for potential flow. V elocity in potential flow
mathematically is:
u -

3$
-

A^

The electric analog of velocity is given by:
u

oC a j f ^

a i/

To perform the electric analog of this flow situation, a piece of conduct
ing paper was cut out which had the sam e sid e view as the proposed flow
configuration. The voltage field across the paper was generated by
attaching a w ire from a D-C supply to each end of the paper by silv er
paint, as illustrated in Fig. 3. The velocity or

^ .y ., measurement

was made by the use of a digital voltm eter. The two voltage probes
were together in a unit so that they were a fixed distance of 3 /4 in.
apart. When these two probes were placed on the electric conducting
paper with the probes aligned in the direction of the flow, the reading
on the voltm eter was

which is directly proportional to
AX
A X
or velocity. By this means the variation of velocity across the test
section at any point can be obtained by traversing the proposed configura
tion with the probe. Fig. 3 shows a configuration which was used in

Fig. 3. —Electrical Analog of Model and Modified Test
Section Top
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which it was proposed that the top and bottom of the test section would
be expanded at the model to account for the cross-section al area taken
up by the model. However, it was determined that the top and bottom
of the test section should be straight and that a reasonably uniform
velocity profile was achieved 2 1/2 in. from the leading edge of the
nose section (See Fig. 4 and Tables I and ED.
The Flat P late. —The flat plate is thusly protected on a ll four
edges with flow over only the top and bottom surfaces as shown in
Figs. 5a and 5b. The flat plate has a 1/16 in. clearance on a ll four
edges. The flat plate is held in position by four 1/4 in. plastic pins.
Two pins are in each of the two sid es of the plate, one at the front and
one at the back of each sid e.

These pins fit into slots that have been

machined into the 7/16 in. wide side pieces which are fastened to the
channel side w alls and act as guides for the moveable plate. The slots
provide a 0.004 in. total clearance around the plastic pins. This motion
of the plate was allowed so that drag force m easurem ents could be made
on the plate. The details of the drag force m easurement apparatus are
discussed later.

To reduce the frictional force between the pins and

the slo ts, the plate was made to have a neutral density in relation to
water. This was achieved by drilling 1/4 in. holes across the width of
tiie 1/2 in. plate and plugging these holes with 1/8 in. lengths of plastic
rods. These holes were drilled sym m etrically with respect to the
center of the plate so that the plate would naturally tend to maintain its
horizontal position.
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TABLE 1
DATA FROM MODEL AND STR A IG H T-TO P TEST
SECTION ELE C TR IC A L ANALOG

Line

0

1

2

3

8

.1622

.1703

.1760

7

.1610

.1707

6

.1633

5

P o sitio n
4
5

6

7

8

9

.1736

.1780

.1761

.1820

.1828

.1755

.1758

.1780

.1761

.1831

.1822

.1711

.1762

.1757

.1780

.1768

.1831

.1830

.1625

.1726

.1760

.1762

.1788

.1753

.1838

.1830

4

.1633

.1744

.1767

.1758

.1783

.1744

.1838

.1840

3

.1611

.1788

.1768

.1762

.1785

.1753

.1840

.1851

2

.1597

.1817

.1773

.1757

.1768

.1758

.1838

.1881

1

.1600

.1855

.1773

.1748

.1768

.1778

.1826

.1912

0

.1596
F o rw a rd D ifferen ce

B ackw ard D ifferen ce
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TABLE 2
DATA FROM MODEL AND M O D IFIE D -T O P TEST
SECTION E LE C TR IC A L ANALOG

L ine

0

8

1

2

3

.1435

.1625

.1611

P o sitio n
4
5

6

7

8

9

.1654

.1637

.1665

.1554

7

.1779

.1500

.1625

.1628

.1688

.1654

.1639

.1669

.1603

6

.1790

.1542

.1630

.1638

.1689

.1664

.1640

.1670

.1670

5

.1785

.1607

.1635

.1640

.1681

.1673

.1631

.1693

.1713

4

.1774

.1650

.1650

.1636

.1678

.1663

.1634

1706

.1742

3

.1760

.1702

.1655

.1638

.1685

.1664

.1639 .1703

.1778

2

.1760

.1751

.1662

.1630

.1693

.1649

.1635 .1704

.1810

1

.1742

.1794

.1660

.1632

.1699

.1649

.1640

0

.1729
F o rw a rd D ifferen ce

.1710 .1854

B ackw ard D ifferen ce
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Fig. 5a. --Top View of Flat Plate Model
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F ig .. 5b. --Side View of Flat Plate Model

Drag Force Measurement Apparatus
The drag force m easurement apparatus is a combination of a
piston-cylinder hydralic system which u tilizes the null-balance principle
together with a m icro-m anom eter to m easure the pressure in the pistoncylinder unit. The drag force on the flat plate is transferred to a pres
sure by attaching a 1/4 in. in diam eter stain less stee l rod to the back
edge of the flat plate. The stain less steel rod p asses through a 5/16 in.
in diam eter hole which was bored through the tail section. The stain
le ss stee l rod then goes into an "L-shaped" cylinder, one part of the
leg being in line with the stain less stee l rod and the other leg being
passed through the bottom of the test section. A w ater-tight sea l bet
ween the cylinder and the bottom of the test section was made by the
use of two "O"-rings. This "L-shaped" cylinder is made out of 1/2 in.
in diam eter stain less stee l tubing. A sea l is achieved between the stain
le ss ste e l rod and the cylinder by four teflon rings that are spaced 1/2
in. apart. These teflon rings have an outside diam eter of 7/16 in ., an
inside diam eter of 0.253 in ., and a thickness of 3/16 in. In order
that the cylinder can be aligned with the "sting" or stain less stee l rod
attached to the plate, a collar was attached to the bottom of the test
section channel through which the cylinder extends. The collar has
three positioning screw s spaced around its circum ference. This allows
the cylinder to be moved up or down or to be pivoted (the "0"-ring
sea ls act as a pivot) by the positioning screw s.
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The outlet of the cylinder which p asses through the bottom of
the test section is connected by flexible p la stic tubing to a reservoir
which is made out of Lucite. The inside dimensions of the reservoir
are 3 in. in diameter by 1 1/2 in. in height. A m icrom eter with a
sharp point was attached to the top of the Lucite reservoir so that the
pointer extended into the reservoir. This allows one to m easure any
changes in height of the water level in the reservoir accurately to
0.001 in. A tight sea l around the pointer was achieved by two ,!0"-rings.
The reservoir was constructed out of Lucite so that one could observe
visually when the pointer was just touching the water surface. An air
tap was taken from this reservoir and connected to a Meriam m icro
manometer which can read 0.001 in. of water pressure. Since the
plate must be balanced, a low -pressure air line was connected to the
top of the reservoir. A needle valve was placed in this line so that air
could be let into the reservoir with a very fine control. Between this
needle valve and the reservoir, a side branch with another needle valve
was attached so that air pressure could also be bled out with a fine
control. Thus, by using this system , a very sm all drag force can be
transferred to a pressure that can be accurately read on the m icromanometer. By knowing accurately the area of the sting, the m icro
manometer pressure reading can be transferred back into a drag force
(See Appendix A).

Fig. 6 is a schem atic drawing of the operation of the

drag force measurement apparatus.

Fij. 4.

Schematic. OrflLNMincj of

Dro^ Fbrce.

Apparatus

M easurem ent
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Injection Apparatus
Since the flat plate had to be free to travel, the injection could
not take place by way of the plate itself. Therefore, the injection takes
place through the nose piece which is solidly attached to the channel side
w alls.

Fig. 7 shows the layout of the injection schem e in the nose se c 

tion. The injection slot was m illed at 0.010 in. in a stain less steel
plate that was screw ed to the ends of the two side pieces of the flat
plate which are attached to the channel side w alls. The nose piece then
fits up tightly against this plate to form the injection slot.

Originally,

a 1/8 in. clear plastic plate was used, but it deflected under the pres
sure of injection, and an uneven injection flow resulted. The inlet
line of the injection was not connected directly at the plate because the
pressure would tend to be greater on one end than on the other. By
using the "H-shaped" schem e shown in Fig. 7 a more uniform pressure
description is achieved at the injection slot. Since the injection slot
would be used for both water and a Guar Gum solution, it was necessary
to provide a means of flushing out the injection slot and the "H" section.
This was achieved sim ply by putting a drain valve directly across from
the inlet line. When opened, atmospheric pressure ex ists at the valve.
Since the static pressure is always greater than atmospheric pressure,
water in the test section flows down through the slot, through the "H"
section, and out the drain valve, thus enabling the injection schem e to
be flushed out rapidly. The injection pressure is provided by the use

18

Top View

F ig. 7..--M o d e l In jec tio n Schem e in N ose S ection
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of two auxiliary reservoirs. The injection pressure is produced by
the difference in height of the water levels of reservoirs 1 and 2 as shown
in Fig. 8. The height difference between reservoirs 1 and 2 can easily
and accurately be adjusted by two means: (1) The coarse adjustments
can be made since reservoir 1 was mounted on a stand which has a
rack and pinion height adjustment capacity. A ratchet feature allows
the height adjustment to take place in increm ents of 1/4 in. (2) To
make the fine adjustments, reservoir 1 was designed so that its height
could be changed by a finely threaded screw .
An air tap in the top of reservoir 2 is connected to both the dyed
water and the dyed Guar Gum reservoirs. Either the dyed water or
the dyed Guar Gum can be injected through the slot sim ply by opening
or closing a valve between each reservoir and the inlet to the "H" section.
The rate of injection depends upon the viscosity of the fluid, the differ
ence in the reservoir pressure and the static pressure at the slo t. In
order to m easure the pressure difference, a 40 in. U-tube manometer
was utilized, the static pressure being connected to one side and the
reservoir injection pressure on the other. The water lev el in the static
pressure reservoir and in the injection reservoir being used must
remain the sam e in order for the manometer reading to have any meaning.
In order to keep these levels the sam e, a sid e tube was placed on the
adjacent sid es of the two injection reservoirs with the static pressure
reservoir, which was a transparent plastic bottle, separating the injection

CO

o

Fig. 8. --Measurement and Auxiliary Apparatus
(1) Reservoir 1 (2) Reservoir 2 (3) Water injection reservoir (4) Guar Gum
injection reservoir (5) U-tube manometer (6) Pressure valving (7) Micro
manometer (8) Lucite reservoir (9) Calibration funnel
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reservoirs. Thus, a quick visual comparison can be made between
the static reservoir water level and either one of the injection reser
voirs. Several 1/16 in. gaskets were obtained so that the static
pressure reservoir could be adjusted by increm ents of 1/16 in. The
dimensions of the two injection reservoirs are 4 in. high, 12 in. wide,
and 20 in. long. This provides a liquid surface area of 240 sq. in.
Since there are 231 cu. in, in a gallon, this means that the injection
of one gallon of liquid w ill create a change in height of the liquid in the
reservoir of le ss than 1 in, or le ss than 1/4 in. per quart of fluid
injected. Since the injection rates are relatively sm all, the height
of the liquid in a reservoir w ill remain very nearly a constant for a
short period of tim e.
Main Flow Section
The design of the main flow section was largely determined by
the model design. The width of the test section and main flow section
had already been established at 4 in. to coincide with the width of
the model.
T est Section. —The height of the test and main flow sections was
selected so that the top and bottom of the test section would interfere
as little as possible with the effects of the flow as it encounters the
model. The height of 4 in. was determined by using the approximation
of potential flow around a cylinder, the idea being to plot the stream 
lines for potential flow around a cylinder and see what distance from the

22

cylinder was required before the stream lines became flat again, and
thereby indicating undisturbed flow.

This distance would then give an

indication of the height necessary from the model to the top or bottom
of the test section. The equation for stream lines for potential flow
around a cylinder is given by:

A plot of stream lines around a cylinder (See Fig. 9) shows that at a
distance of two diam eters from the center of the cylinder the stream 
lines are virtually flat.

This n ecessitates then a minimum distance

between the model and the top or bottom of the test section of 1 in.
Since potential flow does not take into account the viscous effects of
flow such as boundary layers, e t c ., an additional inch in height between
the center of the model and the top or bottom of the test section was
included, making the total height of the test section 4 in. As was
indicated previously, the test section was constructed out of 1/2 in.
thick Lucite plastic for the purposes of visual observation.
A lid was also designed into the test section area for ease of
access to the model for cleaning, making adjustments, etc. The test
section was put together with stain less stee l screw s. A tight sea l was
achieved by applying ethylenedichloride (a plastic solvent) to aE of the
plastic points. A water tight seal around the Ed was achieved by applying
a thin film of C ello-grease on the mating surfaces. The Ed was held
securely in place by stain less stee l screw s. The portions of the main
flow section preceding and following the test section w ere constructed
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out of 1/8 in. thick aluminum. Aluminum was used in these sections
because of its greater structural strength and because it was le ss
expensive.
Screens. —Since the objective of the test section was to sim ulate
as closely as possible free stream flow, a se rie s of screens was used
to produce a uniform velocity profile. The screen section was designed
on the b asis of research done by Baines and Peterson. ^
The screen section is composed of six stain less steel screens
5/16 in. apart. These screens are separated by 1/4 in. aluminum
plates with 4 x 4 in. openings to coincide with the flow section dimen
sions. Each screen was sandwiched with a cork gasket m aterial so
that a water tight seal was formed between each screen and the alum
inum plates. The cork gaskets also had 4 x 4 in. openings to coincide
with the main stream flow. The screens had a 16 x 16 m esh formed
by 0.009 in. diam eter stain less stee l w ire. The relationship for the
distance downstream from a screen at which the turbulence generated
by the screen has dissipated is given by:
>:

2ooo

Hence, the screens were placed 2 ft. ahead of the test section.
Outlet Section. —Due to other considerations which are discussed
in the section on pressure m easurem ents, the outlet pipe was connected
to the side wall of the main flow section rather than to the end. In
order to determ ine how far downstream the outlet pipe had to be from
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the model so that the turning of the flow would not affect the flow over
the m odel, potential flow theory was again used in connection with an
electric analog. The electrical conducting paper was cut out to coin
cide with the plan view of the flow situation (See Figs. 10 and 11 and
Table 3). It was determined that the flow over the flat plate would not
be affected by the turning flow with the outlet 2 ft. downstream from
the test section.
P ressure M easurements. —There are two sets of pressure
m easurements which are necessary in connection with obtaining data
from this apparatus. These two m easurem ents are the stagnation-static
pressure difference and the static pressure difference between the front
and back edge of the flat plate.
The stagnation-static pressure difference when used in connection
with Bernoulli's equation gives the free stream velocity in the test sec
tion. The static pressure is taken from a tap on the bottom of the test
section at approximately the center position of the flat plate. This
static pressure tap has a 52 degree included angle countersunk 1/32 in.
into a 1/4 in. in diam eter static pressure hole. According to the M. I. T.
laboratories, this type of static tap configuration gives a sm all error
of 0 .1 per cent. ^ In order to get a stagnation pressure reading over
the center of the flat plate and yet not have the probe interfere with the
uniform flow over the plate, a long 1/4 in. stain less steel tube was
inserted through the back 4 x 4 in. plate of the main flow section so
that it extends up over the center of the flat plate. This is why the

Fig. 10. --E lectrical Analog of Main Flow Section Outlet,
Digital Voltmeter and D-C Power Supply

P o sit, ion

R3.

II-SchewjA't/c Dra*//nj of Electrical Analog of Main
flow

^Section Outlet \nil:ln Reference Lines
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TABLE 3
DATA FROM MAIN FLOW OUTLET SECTION
ELECTRICAL ANALOG

Line

1

Position
2

3

4

8
7

.3861

.3856

.4073

.4025

6

.3831

.3900

.4143

.4092

5

.3751

.3910

.4132

.4046

4

.3740

.3927

.4136

.4052

3

.3814

.3907

.4040

.4091

2

.3784

.3890

.4058

.4051

1

.3820

.3890

.4084

.4077

0
Forward Difference
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outlet pipe on the main flow section had to come out of the channel side
wall instead of the end of the main flow section. A se a l is made around
the stagnation pressure probe by the use of two "0"-rings. This allows
one to withdraw the stagnation pressure probe from the area of the flat
plate after a measurement has been taken. Due to the length of this
probe an interm ediate support was placed just behind the Lucite test
section to give the pressure probe more stability. The pressure probe
slid es through a 3/16 in. thick teflon ring which is pressure fit into
the interm ediate support and the "0"-rin gs in the rear plate of the
main flow section.
Two static probes w ere placed in the bottom of the test section
in addition to the one at the center of the plate. One was installed at
the leading edge of the flat plate and one at the back edge of the flat plate.
The two static pressure probes were installed so that the static pressure
difference between the front and back edge of the flat plate could be
determined and be taken into account when the drag force on the m icro
manometer is read. The pressure or drag force read on the m icro
manometer is a result of the drag force on the plate surfaces and the
force resulting from the static pressure difference between the front
and rear edges of the plate.
By the proper valving combination (See Fig. 12) the stagnationstatic pressure difference or the static pressure difference between
the ends of the flat plate can be read using the sam e manometer. Due
to the low velocities and thus the low pressures that ex ist, a m icro-
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Fig. 12. ““Schematic of Valving System for Pressure
Measurements
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manometer which is capable of reading 0.001 in. of water pressure was
used. Turning on valves 2 and 3 allows one to m easure the stagnationstatic pressure difference, and turning on valves 1 and 4 allows one to
m easure the static pressure difference between the ends of the plate.
General Considerations. —Since the inlet to the main flow se c 
tion which is 4 x 4 in. is a 2 in. water pipe which centered on the cro sssectional area, a siphon was installed (See Fig. 1) to facilitate the
draining of the last inch of water which would norm ally be left in this
section.

Because the outlet on the main flow section is also centered

on the side wall, a valve (See Fig. 1) was placed at the top rear corner
of this section so that trapped air could be allowed to escape. The
main flow section was inclined 3 degrees toward the pump so that the
water naturally settled toward the siphon and the air naturally rose
toward the bleed-off valve.

CHAPTER HI
CALIBRATION, DATA ACQUISITION, GUAR GUM
MIXING, AND DYE
Calibration
Before meaningful data and information can be obtained from
this equipment, the flow rate of injection fluid through the slot had to
be calibrated as a function of the pressure difference between the in
jection reservoir pressure and the static pressure in the test section,
which is read on the U-tube manometer. This calibration is necessary
since one would not n ecessarily expect the sam e pressure difference
to yield the same injection flow rate of water and Guar Gum.
Calibration of the injection slot was achieved by injecting a
known volume of fluid and m easuring the elapsed time for this quantity
of fluid to be injected. The following procedure was repeated for each
data point obtained in the calibration:
Initially, a sm all quantity of fluid was placed in the injection
reservoir. The injection reservoir was pressurized to a pressure
slightly greater than the static pressure in the test section. The in
jection valve was opened and the fluid injected until the first air bubbles
started to appear in the injection line.

The injection valve was closed

and the injection reservoir depressurized. Then a valve was opened
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on a stain less stee l tube going into the reservoir which had a funnel
attached so that the measured quantity of fluid could be poured in (See
Fig. 8). A liter of injection fluid was then put into the reservoir, and
the valve on this inlet shut oft. The injection reservoir was again p res
surized so that the reservoir pressure was greater than the static p res
sure, the pressure as read on the U-tube manometer being one of the
calibration points. The injection line valve was then opened and an
electronic tim er was used to m easure the lapsed time until air bubbles
again began to appear in the injection lin e, indicating that the liter of
fluid had been injected.
The above procedure was followed for calibrating both the dyed
water injection and the dyed 0 .1 per cent Guar Gum solution. The
results of this calibration are shown in Fig. 13.
Data Acquisition
Since this was to be a visual study comparing the effects of the
injection of dyed water with the effects of the injection of 0 .1 per cent
dyed solution of Guar Gum, the data required for each flow situation
examined was the free stream velocity, the injection flow rate (by use
of calibration curves in Fig. 13), and a visual record of the type of
flow existing.
Free Stream V elocity. —Before making any velocity m easure
ments (stagnation-static pressure difference) the m icro-m anom eter had
to be zeroed with atmospheric pressure at both in lets. Then a zero
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Fig. 13. --Injection Slot Calibration
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reading was obtained with no flow in the test section but with the test
section filled with water. This zero reading is a m easure of the dif
ference in the water levels in the stagnation and static pressure reser
voirs. This zero reading is taken with the stagnation pressure probe
inserted so that the end of the probe is over the center of the flat plate.
A particular velocity is maintained in the test section by regulating the
motor speed. A measurement of the stagnation-static pressure dif
ference is made using the m icro-m anom eter. Then the stagnation
pressure probe is withdrawn from over the plate so that it w ill not inter
fere with the uniform flow over the plate.
Inlection Flow Rate. —The injection flow rate is determined by
the pressure difference which is read on the XJ-tube manometer. Vari
ous pressures and, thus, various flow rates are obtained by adjusting
the difference in height between reservoirs 1 and 2 in Fig. 8. The
pressure difference is read on the U-tube manometer, and the calibra
tion curve gives the injection flow rate.
Visual Record. —A visual record of the type of flow existing at
a certain flow condition was obtained by using a Polaroid cam era. A
Polaroid film was used which gave both a positive and a negative so
that reproductions could be made (Polaroid Land Film Type 55 P/N ).
In order to obtain clear pictures with good contrast, a piece of white
posterboard was placed 1 ft. below the test section with the white side
facing the test section. The posterboard was illuminated with two 375
watt bulbs with built-in illum inized reflectors. The pictures were taken
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with the cam era looking down through the top of the test section onto
the plate, the light coming from the illuminated posterboard up through
the test section to the cam era. The pictures were taken with a lens
opening of 5.6 at a shutter speed of 1/400 sec.
Guar Gum Mixing
Solutions of Guar Gum were difficult to mix because of coagula
tion and degradation of the Guar Gum. Guar Gum cannot sim ply be
poured or sprinkled on the water surface and mixed in without coagula
tion of the Guar Gum taking place.
Prevention of Coacnilation. —In order to solve this difficulty, a
pneumatic system was devised whereby the Guar Gum could be blown
onto the surface of the water and thoroughly mixed (See Fig. 14). In
this system , the measured amount of Guar Gum is placed in the bottom
of a sm all filtration flask. A low -pressure air line is connected to the
top of the flask which blows down on the finely powdered Guar Gum.
The circulation of the low -pressure air jn the flask carries som e of
the Guar Gum with it through a flexible plastic tube which is connected
to the outlet of the flask. Thus, the Guar Gum is blown in a fine spray
onto the surface of the liquid in the Guar Gum mixing container where
it is thoroughly mixed.
Thorough and rapid mixing of the Guar Gum that was sprayed
onto the water surface was accomplished by using a paddle in a lowspeed drill. The mixing paddle consists of an 8 in. length of 3 /8 in.
in diam eter aluminum tubing which was welded to the center of a 2
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Fig. 14. - -Guar Gum Solution Mixing Apparatus
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in. side of a 1/8 x 2 x 13 in. aluminum plate.
Prevention of Degradation. —Degradation of the Guar Gum was
observed when large batches of Guar Gum were mixed. This degrada
tion is the result of too much shear work on the Guar Gum polymer,
causing the long chain, high-polym ers to be broken up. Gross degrada
tion of the polymer occurred when quantities in excess of 20 pounds of
water were used. It was possible to m ix 10 to 13 pound batches of 0 .1
per cent solution of Guar Gum without difficulty.
Dye
"Crystal Violet" dye was used to color both the water and the
Guar Gum solution. The violet color provided good contrast for visu ali
zation and photographic resu lts. The "Crystal Violet" dye was d esir
able in that only a very sm all quantity was needed.

CHAPTER IV
RESULTS
Two basic tests were used in this study to compare the effects
of injecting dyed water to the same injection rate of a dyed solution of
0 .1 per cent Guar Gum. In order to maintain a uniform plate position
for these tests, som e sm all pieces of foam rubber were inserted around
the edges of the flat plate between the flat plate and the sid e, nose and
tail sections, respectively, so that its position would remain fixed.
These pieces of rubber can be observed in Fig. 15. One can also see
the holes that were drilled in the flat plate and plugged to give the plate
a neutral bouyancy with respect to water. The three dark spots (at the
middle and each end of the plate) are the static pressure taps on the
bottom of the test section. The shadows coming from these pressure
taps are a result of the plastic tubes connecting the pressure taps to the
pressure valving.
T est No. 1
Early in the experimentation it was observed that the injection
rate of fluid tended to trigger transition. To show the effects of in
jection rate on transition, a relatively low (for flow over a flat plate)
Reynold s Number (based on a plate length of 8 in .) of 7760 was selected
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for injection at various rates. Reynold s Number for Guar Gum in
jection was based on water viscosity.

F igs. 15, 17, 19, 21 and 23

show the effect of injection rate of dyed water on the triggering of transi
tion. In Fig. 15 where the injection rate is 38 cm^/min. the flow is
obviously laminar over the entire plate. As the injection rate increases*
the flow over the plate changes from peak valley structure to streaked
structure and finally to nearly fully developed turbulent flow. F igs. 16,
18, 20 and 22 illustrate the effect of the injection of the dyed 0 .1 per
cent solution of Guar Gum at the sam e injection rates of F igs. 15, 17,
19 and 21, respectively.

From this comparison it can be observed that

the injection of Guar Gum has the stabilizing effect of maintaining
lam inar flow, while the flow for water injection is at various stages of
transition. It was observed that the distortions of the Guar Gum solu
tion layer on the last half of the plate were caused by the turbulence of
the free stream flow acting on the free shear layer of the Guar Gum
solution. Particular note was made of this because one normally would
expect transition in the Guar Gum solution layer to be initiated through
"lift-off" phenomena at the plate surface. A comparison of Guar Gum
injection for Fig. 23 was not possible because the injection slot was not
calibrated for this high of an injection rate. It is interesting to note that
the horseshoe-shaped phenomena observed by Hama® can be easily seen
in Fig. 23.
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Fig. 15. --W ater Injected at 38 cm'Vmin. at Re = 7760

Fig. 16. - -Guar Gum Solution Injected at 38 cm^/min. at
Re = 7760
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Fig. 18. --Guar Gum Solution Injected at 75 cm 3/min. at
Re =7760

Fig. 20. - -Guar Gum Solution Injected at 103 cm^/min. at
Fe =7760
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;

Fig. 21. - -Water Injected at 141 cm3/min. at Re = 7760

Fig. 22. - -Guar Gum Solution Injected at 141 cm3/min. at
Re = 7760
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Fig. 23. —Water Injected at y 141 cm^/min. at Re = 7760

Test No. 2
T est No. 2 is compos d of two phases. In the first phase an
injection rate of 115 cm^/min. was selected. This sam e injection rate
was used at various Reynold s Numbers. The results of the effects of
the injection of dyed water compared to the effects of the dyed solution
of 0 . 1 per cent Guar Gum are shown in F igs. 24 through 31. F igs. 24,
26, 28 and 30 show the effects of the injection of water at Reynold s
Numbers ranging from 9790 in Fig. 24 to 2 9 , 600 in Fig. 30. Figs. 25,
27, 29 and 31 show the effects of the injection of the Guar Gum solution
at the sam e injection rate and Reynold s Numbers of F igs. 24, 26, 28 and
30, respectively. An examination of the comparative results of these
figures reveals an unexpected result. It appears that the injection of
the Guar Gum solution is le ss effective in delaying transition on the plate
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Fig. 24. --W ater Injected at 115 cm3/min. at Re = 9790

O

Fig. 25. --Guar Gum Solution Injected at 115 cm /min. at
Re = 9790
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Fig. 26. --W ater Injected at 115 cm3/min. at Re = 13,430

Fig. 27. —Guar Gum Solution Injected at 115 cm3/min. at
He = 13,430
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Fig. 28. --W ater Injected at 115 cm3/min. at Re = 15, 500

Fig. 29. - -Guar Gum Solution Injected at 115 cm3/min. at
Re = 15,500
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Fig. 30. --W ater Injected at 115 cm3/min. at Re = 29, 600

Fig. 31. --Guar Gum Solution Injected at 115 cm'Vmin. at
Re =29,600
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than the Injection of dyed water. A comparison of F igs. 30 and 31
especially shows the greater degree of turbulence in the Guar Gum
layer of Fig. 31 than in the dyed water layer of Fig. 30.
In the second phase of this test a lower injection rate of 38 cm^/min.
was selected. This injection rate was used for three values of Reynold"s
Numbers. F igs. 32, 34 and 36 show the effects of the injection of dyed
water for Reynold s Numbers ranging from 7760 in Fig. 32 to 29,600 in
Fig. 36.

Figs. 33, 35, and 37 show the comparative effects of injecting

the dyed Guar Gum solution at the sam e Reynold s Numbers and injection
rate of F igs. 32, 34 and 36, respectively. An examination of these
comparative results seem s to favor the effects of Guar Gum injection
in delaying transition on the plate. Gn the la st half of the plate in Figs.
35 and 37 the Guar Gum layer shows about the sam e departure from
lam inar flow as that in F igs. 34 and 36, respectively. However, the
Guar Gum layer on the first half of the plate in F igs. 35 and 37 is
lam inar, while the flow over the fir st half of the plate in F igs. 34 and
36 is not laminar.
The Reynold's Number in F igs. 28 and 29 is the sam e as that of
F igs. 34 and 35. Also the Reynold s Number of F igs. 30 and 31 is the
sam e as that of F igs. 36 and 37. Thus one can observe the effects of
injection rate on the triggering of the various phases of transition at
higher Reynold’s Numbers than that of T est No. 1.

W * *4"
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Fig. 33. —Guar Gum Solution Injected at 38 cm /min. at
Re =7760
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Fig. 34. --W ater Injected at 38 cm'Vmin. at Re = 15, 500

3

Fig. 35. - -Guar Gum Solution Injected at 38 cm /min. at
Re = 15, 500

53

Fig. 37. --Guar Gum Solution Injected at 38 cm^/min. at
Re = 29,600

CHAPTER V
SUMMARY
Based on the results shown in the preceding chapter, three ob
servations can be made:
1. The injection of Guar Gum appears to have the stabilizing
effect of maintaining a lam inar boundary layer at higher injection rates
than is possible for water injection.
2. It appears that turbulence in the Guar Gum solution layer is
\

initiated by the free stream turbulence acting on the free shear surface
of the Guar Gum solution, rather than being initiated by "lift-off" from
the plate surface.
3. With increasing Reynold s Number, it appears that a relatively
high injection rate makes Guar Gum injection le ss favorable, and a
relatively low injection rate makes Guar Gum injection more favorable
than dyed water injection in delaying transition on the plate.
It should be remembered, however, that the above-stated points
are based only upon the visual observations made in this study. A more
rigorous quantitative study must be made of the injection of Guar Gum
into the boundary layer of flow over a submerged body before the abovestated points can be verified. A lso, a Guar Gum concentration variation
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was not investigated. The concentration of Guar Gum clearly effects
the viscosity qualities of the m ixture. ^
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ABSTRACT

ABSTRACT
Equipment was designed and built to study the effects of the in
jection of dyed water as compared to the effects of the injection of a
dyed 0 .1 per cent Guar Gum solution into the boundary layer of a flat
plate.
The injection slot was calibrated for dyed water injection and
for a dyed 0 .1 per cent solution of Guar Gum. A visual study was made
which was composed of two phases.

The first phase was a study of the

effects of injection rate on the triggering of transition and turbulence
in the boundary layer, and the second phase was a study of the effects of
using a high and a low injection rate with increasing Reynold's Number.
It was observed that: (1) The injection of Guar Gum appears to
have the stabalizing effect of maintaining a laminar boundary layer at
higher injection rates than is possible for water injection.

(2) Turbu

lence in the Guar Gum layer seem s to be initiated by the free stream
turbulence acting on the free shear surface of the Guar Gum rather than
being initiated by "lift-off" from the plate surface.

(3) With increasing

Reynold's Number a high injection rate makes Guar Gum solution in
jection le ss favorable and a low injection rate makes Guar Gum solution
injection more favorable than water injection in delaying transition on
the plate.

